Contact investigations around tuberculosis patients enable early detection of infection and disease, and prevention of secondary tuberculosis cases. We aim to identify risk factors for M. tuberculosis transmission to contacts of tuberculosis patients, based on unique data from routine contact investigations by the Public Health Service in Rotterdam, the Netherlands, collected between 2001 and 2006. Through logistic regression analysis, we determined the effect of various risk factors on the chance of finding a latent tuberculosis (TB) infection or overt tuberculosis case among contacts. A total of 1165 index patients with active tuberculosis were registered and at least one contact was investigated in 731, resulting in 21,540 contacts overall. Altogether, the contact investigations led to 91 cases of active tuberculosis. Of the 12,698 contacts eligible for screening by tuberculin skin test, 1091 (9%) were diagnosed with latent tuberculosis infections. Risk factors were old age of the contact, old age of the index patient, and the relationship to the index. A larger fraction of infected close contacts was strongly associated with infections among more distant contacts.
Introduction
Contact investigation around tuberculosis (TB) patients is considered the most effective strategy in low prevalence settings for early detection of infection and disease, and for prevention of secondary TB cases. 1, 2 The aims of contact investigation are primarily to find and treat secondary active TB disease to disrupt ongoing transmission. Screening for latent TB infections (LTBI) is also performed enabling preventive treatment or follow-up screening to prevent future TB disease in contacts. In addition, source tracing investigations are performed around cases of extra-pulmonary TB (ETB) to find undiagnosed pulmonary TB (PTB) cases. In the Netherlands, active TB is a notifiable disease, and source and contact investigation is included in the national TB control program. Contacts are differentiated according to the 'stone in the pond' principle, a concentric circle or ring approach based on their closeness to the index, as a proxy for exposure. The national guideline defines three rings which describe close, regular and community contacts. [3] [4] [5] Based on the yield of screening in the respective rings, starting with the closest ring, and the risk of transmission as estimated by the public health nurse, the investigation can be stopped or extended to include more distant contacts.
There is an extensive amount of evidence regarding the risk factors in TB transmission. These established risk factors have been used in the national guidelines for many years. Factors such as the age of the index patient and contact, duration and intensity of the contact, bacteriological status of the index patient, and ethnic background of the index patient are all know to be important, but the relative importance of these factors has not been established for contact investigations in the Netherlands. [6] [7] [8] [9] Improved knowledge of risk factors determining the chance of contacts being infected with TB would strengthen contact investigations by improving prioritization so high-risk contacts can be targeted first.
The Municipal Public Health Service (MPHS) of Rotterdam, the Netherlands, investigates hundreds of contacts of active TB patients each year. This has resulted in a unique database that, unlike other known registries, includes information on all screened contacts, not just those who were found to have LTBI or TB. This database of index patients and their contacts offers an excellent opportunity for an in-depth evaluation of contact investigations in the control of TB. In this study, we set out to identify risk factors for TB transmission among contacts of TB patients, in order to strengthen the evidence base of the current national contact investigation policy in the Netherlands. 10 
Materials and Methods
The MPHS in Rotterdam is responsible for TB control in the larger Rotterdam-Rijnmond area, with a population of 1.2 million. The MPHS registers all TB control activities, including contact investigations. Since 2001, data on source tracing and contact investigations have been stored systematically in a database. Our study includes data on the index cases and their contacts over the period 2001-2006. Contact investigations are conducted according to indications of infectiousness of the index case, such as the anatomical location of TB disease, the bacteriological status, and estimated patient and/or doctor's delay. A public health nurse interviews the index to determine which (if any) contacts should be investigated according to the 'stone in the pond' principle of concentric rings, where the ring can be seen as a proxy for exposure to the index patient in the case of PTB. The first ring (ring 1) contains close contacts, the second ring (ring 2) contains regular contacts, while the third ring (ring 3) contains community contacts. This classification is based on the frequency and duration of exposure, and physical aspects of the area where the exposure takes place (in particular, compartment size and ventilation). 3, 4, 11, 12 The MPHS databases on the index patients and contacts were combined and linked to create a new database of screened contacts to which the recorded characteristics of the index patient were added. For the contacts we included age, gender, date of screening, tuberculin skin test (TST) and/or chest X-ray (CXR). For the index patients we included the type of TB disease, age, ethnic background, sensitivity of the TB strain and the diagnostic steps that were taken. A positive TST was defined as an induration of 10 mm or more to 0.1 mL of purified protein derivative, measured 48 and 72 h after TST. Positive TST results were followed up by CXR to screen for abnormalities indicating pulmonary TB. Contacts with a history of TB, a previous TST induration of 10 mm or more, evidence of BCG vaccination or birth before 1945 were only screened by CXR, as a TST would be unable to provide evidence of a recent infection in these contacts. In the Netherlands, universal BCG vaccination for the general population has never been implemented, and is only given to travellers to endemic countries or children of parents from endemic countries. When TST was positive, but clinical and radiological signs of active TB disease were absent, the final LTBI diagnosis was made by a TB physician. 12 Statistical analysis was divided into two parts. The first part determined the risk factors for being diagnosed with LTBI using a TST. The second part aimed at determining the risk factors for being diagnosed with active TB. The outcome of interest in the first analysis regarding TST tested contacts was a positive TST. In the second analysis, the outcome of interest was defined as an abnormal CXR with, if possible, bacteriological confirmation of active TB. Both analyses were performed with the contacts as the unit of analysis and stratified by ring. Univariate logistic regression was performed to estimate the effect of the characteristics on the individual contact investigation outcomes. Variables with P<0.2 in the univariate logistic model were then included in multivariate logistic regression. We used a backward-stepwise selection based on the loglikelihood ratios and excluded variables with P>0.05. Covariance and interactions were evaluated for the final models. Exceptionally large contact investigations were excluded from the dataset, after which the analysis was performed again to ensure these large contact subpopulations did not weigh too heavily in the regression analyses. PASW statistics software 17.0.3 (SPSS Inc., IBM, Chicago, USA) was used for the analyses.
Results
Between 2001 and 2006, a total of 1,165 index patients with active TB were registered. Of these, 731 led to investigation of at least one contact (range 1-1,810 contacts; median 6; IQR=3.22). Together, these 731 index patients had 21,540 contacts participating in source tracing or contact investigations ( Figure 1 ). Their general characteristics are shown in Table 1 and in more detail in the Appendix (Supplementary Tables 1-5 ). Of the contacts, 12,698 (59%) were eligible (e.g. not previously vaccinated with BCG) and tested for latent TB infections with a TST. The database contained 20,494 unique contacts, indicating that 1,046 of the investigations (4.9%) were performed in contacts who had participated in an earlier contact investigation between 2001 and 2006. The percentage of TB infected contacts among those tested with TST was almost halved when we compared regular contacts with close contacts (56%) and community contacts with regular contacts (50%). For active TB among all contacts, the decrease is even stronger; 21% for regular contacts compared with close contacts, and 11% comparing community contacts with regular contacts.
Of the 12,698 contacts tested with TST, 1,091 were diagnosed with LTBI while the TST follow up with CXR revealed signs of active TB in 49. Table 2 shows the multivariate regression results for the three rings (details are to be found in the Appendix, Supplementary Tables 1-3). Older age (10-year intervals) of the contact increases the risk of having a positive TST in all rings, with odds ratios (OR) of 1.12, 1.17 and 1.32 for the first, second and third ring, respectively. The relationship between the index and the contacts indicates that residential or family relationships are at the highest risk of having a positive TST, while work or education related contact results in a lower chance of transmission, although the differences are not always statistically significant among the types of relationships or for every ring. The diagnosis of the index is a strong predictor for contacts with positive TST: smear positive PTB (PTB AFB+) results significantly more often in the diagnosis of LTBI in contacts compared to smear negative PTB (PTB AFB-) or ETB in ring 1, but the differences between PTB+ and PTB-decrease in ring 2 and there is no significant difference between them in ring 3. Additionally, the ethnic background of the index patient is statistically significant in rings 1 and 3, but not in ring 2. As far as investigation characteristics are concerned, the infection fraction of rings closer to the index is a strong predictor for the more remote rings. the first patients in the cluster. The correlation observed for the type of relationship between index and contact in the LTBI screening analysis was also seen for contacts diagnosed with active TB; work or education related contact has a lower relative risk of being diagnosed with TB, compared to residential, family, leisure time, or other contacts. For ring 1, the bacteriological status of the index is a strong predictor, with an OR of 0.21 for PTB-and 0.09 for ETB, compared to PTB+. The infection fraction in ring 1 is also a predictor for being diagnosed with TB in ring2 , with an OR of 3.67 (95% CI:1.4-9.4). The age of the contacts showed an inverse relationship to active TB, compared to the association found for LTBI, as 40% of the TB cases were in children aged 14 years or under with an odds ratio of 0.70 in the multivariate model in ring 1, with 16 cases of active TB disease in young children aged 5 years or under.
Article
It was not possible to analyze the community contacts because only 2 cases of active TB were found among the 7,277 contacts in this ring. After exclusion of the largest 5 contact investigations (26% of all contacts in the study) the direction of the associations did not change (data not shown). Details of the analysis of the close and regular contacts are shown in the Appendix (Supplementary Tables  4 and 5 ).
Discussion
Between 2001 and 2006, at least one contact was screened of 731 index patients, resulting in a total of 21,540 contacts. These contact investigations revealed 91 cases of active TB. The screening of 12,698 contacts who were eligible for TST testing led to the detection of 1,091 LTBI cases. Important risk factors were age of the contact, age of the index patient and the relationship to the index. Infections among regular (ring 2) or incidental and community (ring 3) contacts were strongly associated with a higher fraction of infected close (ring 1) or regular (ring 2) contacts, respectively.
Our study is based on data from routine investigations, which has implications for the interpretation of the findings. The records of all index patients and their contacts (if any) were available, enabling comparison between those with positive and those with negative contact investigation outcomes. Although all contacts who participated and all investigations were documented, it is difficult to determine how many contacts were missed. A fraction of contacts will be missed by the MPHS, despite the extensive effort to screen all reported or possibly exposed contacts. Some groups are not included in routine contact investigations, such as the homeless or illicit substance users, because there is a separate regular screening program for these subpopulations. 13 A recent study using data from the Dutch TB surveillance register showed that contacts of immigrant cases were less often investigated. 14 Despite possible incompleteness of the study population, this database provides an excellent opportunity to determine risk factors in contact investigations because the Netherlands is one of few countries where contact investigations are fully documented, out of the thirteen countries known to investigate contacts of all possibly infectious index patients. 15, 16 Our study confirmed that three main factors are significantly associated with TB transmission. 5 Firstly, close contacts (ring 1) had a higher risk of infection and TB disease than regular (ring 2) and community (ring 3) contacts. Although more refined proxies for exposure are possible, the currently used ring approach has proven to be adequate in discriminating between contact levels. It is unknown how much could be gained by using data underlying this current proxy, such as actual duration and frequency of contact, and the environmental characteristics of the place of contact. Unfortunately, a more precise registration of such indicators of contact level is not practical under routine control conditions. Secondly, the contagious status of the index patient, in this study recorded as bacteriological status of the index patient in combination with the infection fraction in closer contact rings, was strongly associated with the number of infections among distant contacts. It is unclear whether this effect is fully attributable to recent transmission or is because the screened contacts are part of a subpopulation with a higher risk of infection. This is one of the limitations of using the TST in contact investigations. Finally, increasing age of the contacts was associated with the probability of a TB infection. This is understandable from the perspective that with age, the time that an individual has been at risk of coming into contact with TB (and other cross-reacting non-TB mycobacteria) accumulates. Young children (age <5 years) are more at risk for progression to active TB, which is also recognized in this study, but in our analysis this was only proven in ring 1. These three factors have already been well established as risk factors for TB in contacts and are included in the national guidelines for source tracing and contact investigations in the Netherlands. Similar results have been reported in evaluations of contact investigations in comparable settings and one systematic review, while one study did not find an association between the closeness to the index and symptomatic PTB after confirming transmission through DNA fingerprinting. [17] [18] [19] [20] The study was carried out before the application of the interferon-γ assay blood test (IGRA) in the Netherlands. Later studies in comparable settings show that the IGRA test has a higher specificity than TST and thereby reduces the number of persons who would have received prophylactic treatment in case of a false-positive TST. [21] [22] [23] The IGRA also helps to avoid LTBI treatment for non-tuberculosis mycobacteria infections. 24, 25 We do not expect that the results would change drastically if the IGRA test were applied instead of the TST. There is no indication that the IGRA test responds differently in the risk groups that we established in this study, other than detecting additional old infections in BCG vaccinated persons from endemic countries. In this respect, we would like to point out that the goal of contact investigations is primarily to prevent large clusters by stopping ongoing transmission.
This study focused on a population of contacts participating in source tracing and contact investigations. We identified important risk factors for the diagnosis of TB among contacts of TB patients, based on routine practice in a low prevalence setting, and established that the findings basically match the current national guidelines. The age of the patients and their contacts, the number of infections among close contacts, the type of contact relationship, and the diagnosis of the index patient are all associated with LTBI and TB in contacts. These risk factors emphasize the importance of including personal and interpersonal factors in decision making regarding contact investigations.
